Introduction {#s1}
============

Huntington disease (HD) is a fatal autosomal dominant neurodegenerative disorder caused by a CAG repeat expansion in the gene (*HTT*) encoding the huntingtin protein [@pone.0094562-The1]. Expansion of the CAG beyond 36 repeats produces a mutated huntingtin protein (muHTT) with an expanded polyglutamine (polyQ) tract in its N-terminal region. Expression of muHTT results in profound disruption of a wide variety of cellular processes (reviewed in: [@pone.0094562-Zuccato1]), including synaptic transmission and plasticity (reviewed in: [@pone.0094562-DiFilippo1]--[@pone.0094562-Ghiglieri1]). It is of a great interest to determine whether therapeutics designed to delay or slow progression of HD can prevent or reverse these detrimental cellular changes, and how early in disease development they should be applied to exert their full beneficial effects.

A recent and promising approach to the treatment of HD utilizes antisense oligonucleotide (ASO) technology to knock down expression levels of muHTT. ASO administration has been employed to effectively silence the expression of a variety of genes of interest and relies on a specific design and efficient delivery of short, synthetic, modified nucleic acids. A number of preclinical and clinical studies, targeting different neurological and non-neurological disorders, have demonstrated ASO efficiency with no severe adverse effects (reviewed in: [@pone.0094562-Southwell1], [@pone.0094562-Martinez1]).

ASOs targeted to muHTT, designed by exploiting the presence of single nucleotide polymorphisms (SNPs), have proven to be potent and selective in cell culture and the BACHD mouse model [@pone.0094562-Carroll1]. However, studying the effectiveness of anti-muHTT ASO therapy requires preclinical testing in an animal model that fully recapitulates the genetics of the disease and displays behavioral, cellular and synaptic deficits typical for HD. The most commonly used, well-characterized HD models do not accurately reproduce human HD genetics. Specifically, they express either mouse HTT with expanded polyQ repeats (knock-in models) or human muHTT on a mouse wild-type HTT background (fragment and full-length transgenic models; reviewed in: [@pone.0094562-Cepeda1], [@pone.0094562-Pouladi1]). To overcome these obstacles, a new "humanized" mouse model termed Hu97/18 has been developed, and behavioral and neuropathological tests have shown it recapitulates many aspects of HD [@pone.0094562-Southwell2]. Apart from changes in motor function and reduced motor learning at 2 months of age, Hu97/18 mice show additional cognitive deficits as early as 6 months, progressing to further deficits at 9 months; these include a decline in both spatial and object recognition memory performance. Furthermore, striatal and cortical volume is significantly decreased in these animals by 12 months of age [@pone.0094562-Southwell2]. This model is unique in that it expresses only the human HD gene, heterozygous for the HD mutation (with an expanded CAG of 97 repeats), on a mouse Huntingtin *null* (*Hdh^-/-^*) background [@pone.0094562-Southwell2], and therefore provides a valuable tool to evaluate the efficacy of selective muHTT ASO therapies.

As mentioned, HD is associated with a host of cellular and synaptic alterations and it is important for preclinical studies to determine whether a therapeutic strategy can successfully prevent or reverse such changes. While many electrophysiological signatures have been described previously in other animal models of HD [@pone.0094562-Raymond1], none have been reported for the Hu97/18 mouse model. In the present study, we describe electrophysiological changes in the striatum and hippocampus of the Hu97/18 mice. We provide evidence for robust deficits in synaptic function and plasticity that should prove essential for future assessment of the effectiveness of ASO treatment and other candidate therapeutics in preclinical studies of HD.

Materials and Methods {#s2}
=====================

Ethics statement {#s2a}
----------------

This study was carried out in strict accordance with the requirements of Canadian Council on Animal Care (CCAC). The study was approved by the University of British Columbia Animal Care Committee, under protocol A11-0012. All efforts were made to minimize animal suffering.

Transgenic mice and brain slice preparation {#s2b}
-------------------------------------------

Transgenic Hu18/18 and Hu97/18 mice expressing full-length human huntingtin with 18 CAG repeats (Hu18/18) or with 18 and 97 CAG repeats (Hu97/18) carried on the yeast artificial chromosome (YAC) or bacterial artificial chromosome (BAC) transgene, respectively, on the *Hdh^-/-^*background (strain FVB/N), were generated and maintained at the animal care facility in the Centre for Molecular Medicine and Therapeutics [@pone.0094562-Southwell2] and then transferred to the University of British Columbia Animal Research Unit approximately 2 weeks prior to experimentation. Experiments were conducted either on mice aged 9--9.5 months (9-month old group), 6--7 months (6-month old group) or 3--3.5 months (3-month old group). All reported n values represent the number of cells or slices recorded. At least 3 (typically 5 or more) animals per genotype were used for each set of experiments. All data were obtained from male mice with the exception of a small number of female mice that were used in the 6-month group. The data obtained from females at this age did not differ from the males and was therefore pooled together.

To obtain acute corticostriatal slices, the animals were killed by decapitation following deep halothane vapour anaesthesia (in accordance with the UBC Animal Care Committee, protocol A11-0012, and the Canadian Council on Animal Care). The brain was immediately removed and immersed in ice-cold oxygenated slicing medium, composed of (in mM): NaCl 125, NaHCO~3~ 25, NaH~2~PO~4~ 1.25, KCl 2.5, CaCl~2~ 0.5, MgCl~2~ 4, D-glucose 10 (gassed with 95% O~2~/5% CO~2~), pH 7.3--7.4, 300--315mOsm. Coronal slices 300 µm thick were cut on a vibratome (Leica VT1200S) and placed in a holding chamber containing oxygenated artificial cerebrospinal fluid (ACSF) at 34--36°C. The ACSF composition was the same as the slicing medium except with 2 mM CaCl~2~ and 1 mM MgCl~2~. After 30--45 min, slices were transferred to room temperature (RT) and kept until 8 h post-slicing. For all hippocampal experiments, slices were obtained as above but in the transverse plane at 400 µm thickness. Sections were given 30--45 minutes at 34--36°C followed by an additional 30--45 minutes at RT to recover. Hippocampal slices were used for a maximum of 6 hours following recovery.

Electrophysiology {#s2c}
-----------------

Much of the electrophysiology was performed as described previously [@pone.0094562-Milnerwood1]. Slices were continuously perfused (∼2--4 ml/min; RT) with oxygenated ACSF containing picrotoxin (50--100 µM; PTX, Tocris Bioscience, Bristol, UK), glycine (10 µM; Sigma-Aldrich, MO, USA) and strychnine (2 µM; Tocris Bioscience, Bristol, UK). Glycine and strychnine were omitted for all hippocampal experiments and PTX was also omitted for LTP experiments. All signals, unless stated otherwise, were filtered at 10 kHz, digitized at 10 kHz and analysed in Clampfit10.2 (Axon Instruments, CA, USA). Whole cell patch-clamp recordings were performed in voltage-clamp or current-clamp mode. For the experiments in voltage-clamp mode (paired-pulse ratio and evoked stimulation), the internal solution consisted of (in mM): caesium methanesulphonate 130, CsCl 5, NaCl 4, MgCl~2~ 1, EGTA 5, HEPES 10, QX-314 5, Na~2~GTP 0.5, Na~2~-phosphocreatine 10,spermine 0.1 and MgATP 5, pH 7.3, 280--290mOsm. For the experiments in current-clamp mode, as well as spontaneous excitatory postsynaptic currents (sEPSCs) and miniature EPSC (mEPSCs) recordings, the internal solution consisted of (in mM): K-gluconate 145, MgCl~2~ 1, HEPES 10, EGTA 1, MgATP 2, Na~2~GTP 0.5, pH 7.3, 280--290mOsm. Pipette resistance (Rp) was 3--5 MΩ. Series resistance (Rs) was *\<*30 MΩ and uncompensated; the data were not included in the analysis if Rs changed by *\>*20% by the end of the experiment. For LTP experiments, glass electrodes (1--2 MΩ) were filled with ACSF and used to stimulate the Schaffer collateral pathway and record field excitatory postsynaptic potentials (fEPSPs) in CA1 stratum radiatum. Electrical stimulation (0.1 ms pulses) was increased to generate the maximal response and then reduced to the stimulation intensity that produced 30--40% of the maximal response. Responses were elicited every 20 s for at least 10 minutes prior to LTP induction. High frequency stimulation (HFS; 100 Hz for 1 s×3, 10 s inter-train interval) was applied, and responses were again recorded at 20 s intervals for 60 minutes thereafter.

sEPSCs and mEPSCs were filtered at 1 kHz, digitized at 10 kHz and analysed with Clampfit10.2 event analysis function with a detection threshold set at -8pA (SPNs) or -6pA (CA1) while recording at a holding potential of ­70 mV. Decay time was measured using single exponential fitting by Clamfit10.2 event analysis function.

Evoked EPSCs (eEPSCs) were elicited by intrastriatal electrical stimulation through a glass micropipette filled with ACSF (Rp = 2--5 MΩ) placed 150--200 µm dorsal to the recorded cell. The paired-pulse ratio (PPR) was recorded at V~h~ of -70 mV, and when performed with different stimulation intensities (50--500 µA), a 50 ms interval was applied. NMDA peak current was measured at +40 mV 40 ms after the initial peak response (to eliminate the possibility of contamination by the fast-decaying AMPA currents, [@pone.0094562-Kiraly1]). Evoked responses (at both potentials) were averages of three responses recorded at the same stimulation intensity.

Data analysis and statistics {#s2d}
----------------------------

Data were analysed using Clampfit10.2 (Axon Instruments, CA, USA), Microsoft Excel (Microsoft Corp., CA, USA) and Graphpad Prism5 (Graphpad Software, CA, USA). Data are presented as mean ±s.e.m. Significance was assessed with 2-tailed unpaired Student's t-tests with Welch correction or with two-way ANOVA followed by Bonferroni's *post hoc* test; P-values \<0.05 were considered significant.

Results {#s3}
=======

Cellular and synaptic properties of striatal spiny projection neurons in 9 month-old Hu18/18 and Hu97/18 mice {#s3a}
-------------------------------------------------------------------------------------------------------------

Hu97/18 mice develop motor learning deficits as early as at 2 months of age, but memory impairments arise at 6 months of age and become fully manifest by 9 months [@pone.0094562-Southwell2]. Therefore, we began by using 9 month-old animals to assess the electrophysiological changes in the striatum and hippocampus. We identified striatal SPNs in the CPu of mouse striata as described previously [@pone.0094562-Milnerwood1] and first assessed passive membrane properties in voltage clamp mode (V~h~ = -70 mV). Using a potassium-based internal solution, the membrane capacitance, membrane resistance and membrane tau were not significantly different between genotypes ([Fig. 1A--C](#pone-0094562-g001){ref-type="fig"}). Cell firing characteristics were assessed in current clamp by recording membrane voltage changes in response to injected current steps (50pA increments starting from -200pA, 1 s each; [Fig. 1D](#pone-0094562-g001){ref-type="fig"}). The I--V curves were similar between the two genotypes ([Fig. 1E](#pone-0094562-g001){ref-type="fig"}), as was rheobase ([Fig. 1F](#pone-0094562-g001){ref-type="fig"}) and rheobase frequency ([Fig. 1G](#pone-0094562-g001){ref-type="fig"}), suggesting no changes in SPN excitability. Notably, Hu97/18 SPNs showed a significant depolarization of the resting membrane potential (p = 0.03, [Fig. 1H](#pone-0094562-g001){ref-type="fig"}); this change might be expected to result in an increased steady-state sodium channel inactivation. Consistent with this prediction, the action potential threshold was indeed elevated in Hu97/18 SPNs (p = 0.02, [Fig. 1I](#pone-0094562-g001){ref-type="fig"}) and the average change of membrane voltage from resting membrane potential to AP threshold was not different between the genotypes ([Fig. 1J](#pone-0094562-g001){ref-type="fig"}). Together, these results indicate that despite small changes in SPN membrane properties, the excitability of SPNs is similar for the two genotypes.

![Alterations in basic membrane properties of Hu97/18\
SPNs. (A--C): Membrane capacitance (A), membrane resistance (B), and membrane time constant (C) did not differ between Hu18/18 and Hu97/18 SPNs. Membrane capacitance measurement was pooled from the experiments with potassium-based and caesium-based internal solutions (Hu18/18 n = 46, Hu97/18 n = 44), while membrane resistance and tau were measured with potassium-based internal solution only (Hu18/18 n = 21, Hu97/18 n = 17). (D -- J): Cells were patch-clamped with potassium-based solution, and membrane voltage changes in response to the injected current were recorded and analysed. (D) Representative I--V response of a Hu18/18 SPN to current injection (50pA increments from -200pA, 1 s each). (E) I--V curves showed no difference between Hu97/18 and Hu18/18 SPNs. (F) Rheobase and (G) rheobase frequency were not different between the genotypes. (H) Hu97/18 had a lower resting membrane potential than Hu18/18 SPNs (p = 0.03). (I) Action potential (AP) threshold was more depolarized in Hu97/18 SPNs (p = 0.02). (J) The change in membrane voltage from resting potential to AP threshold was not different between Hu18/18 and Hu97/18 SPNs. For the experiments in D--J, Hu18/18 n = 11 and Hu97/18 n = 12. \*p\<0.05 (unpaired Student's t-test).](pone.0094562.g001){#pone-0094562-g001}

To test for alterations in synaptic transmission, we recorded spontaneous excitatory postsynaptic currents (sEPSCs) at V~h~ = -70 mV in ACSF with the GABA~A~ channel blocker PTX ([Fig. 2A](#pone-0094562-g002){ref-type="fig"}). We found a significant decrease in the amplitude of sEPSCs in Hu97/18 SPNs as shown by the cumulative probability analysis (interaction p\<0.0001, [Fig. 2C](#pone-0094562-g002){ref-type="fig"}), although the mean difference did not reach statistical significance (p = 0.15, [Fig. 2B](#pone-0094562-g002){ref-type="fig"}). A more detailed analysis of amplitude distribution revealed a higher percentage of small events (\<10pA, p\<0.01) as well as a trend to a lower percentage of large events (15--30pA) in Hu97/18 ([Fig. 2D](#pone-0094562-g002){ref-type="fig"}). These data suggest the possibility of a modest decrease in postsynaptic AMPA receptor number in striatal SPNs of Hu97/18 mice. In contrast, mean sEPSC charge transfer and kinetics were not significantly different between genotypes (for the decay time, see [Fig. 1E](#pone-0094562-g001){ref-type="fig"}; charge transfer and rise time not shown).

![sEPSC amplitude and frequency change in Hu97/18 SPNs.\
Cells were patch-clamped with a potassium-based internal solution at V~h~ = -70 mV and sEPSCs were recorded. (A) Representative sEPSC traces for Hu18/18 (top) and Hu97/18 SPNs (bottom). (B) The average sEPSC amplitude of Hu18/18 and Hu97/18 cells (difference did not reach significance, p = 0.12). (C) Cumulative probability showed a decrease in sEPSC amplitude in Hu97/18 SPNs (significant genotype and amplitude interaction, p\<0.0001). (D) Amplitude distribution analysis showed a significant increase in the percentage of small events (\<10pA) and a trend towards a decrease in big events (\>15pA) in Hu97/18 SPNs. (E) There was no difference in sEPSC decay time between Hu18/18 and Hu97/18 SPNs. (F) Cumulative probability showed an increase in sEPSC inter-event intervals in Hu97/18 SPNs (significant genotype and inter-event intervals interaction, p\<0.0001). (G) The average sEPSC frequency was decreased in Hu97/18 SPNs (p = 0.038). For all experiments, Hu18/18 n = 20 and Hu97/18 n = 17. \*P\<0.05 (two-way ANOVA with Bonferroni correction, D; unpaired Student's t-test, G).](pone.0094562.g002){#pone-0094562-g002}

Analysis of the frequency of events revealed a significant reduction in Hu97/18 compared to Hu18/18 SPNs, as shown by both the cumulative probability of inter-event intervals (interaction p\<0.0001, [Fig. 2F](#pone-0094562-g002){ref-type="fig"}) and the mean event frequency (p = 0.038, [Fig. 2G](#pone-0094562-g002){ref-type="fig"}). When TTX was included in the bath solution to block action potential-driven transmitter release, we found similar genotype effects on mEPSC frequency and amplitude as we did with sEPSCs ([Fig. 3A--G](#pone-0094562-g003){ref-type="fig"}). In fact, the application of TTX had very little effect on the amplitude ([Fig. 3D](#pone-0094562-g003){ref-type="fig"}) or frequency ([Fig. 3G](#pone-0094562-g003){ref-type="fig"}) of spontaneous events, confirming a previous report that the majority of spontaneous excitatory transmitter release in our preparation is action potential-independent [@pone.0094562-Milnerwood2].

![mEPSC amplitude and frequency change in Hu97/18 SPNs.\
Cells were patch-clamped with potassium-based internal solution at V~h~ = -70 mV and the initial sEPSCs were recorded. Then, TTX was added to the external solution which allowed for the extraction and analysis of mEPSCs. (A) Representative mEPSC traces for Hu18/18 (left) and Hu97/18 SPNs (right). (B) The average mEPSC amplitude of Hu18/18 and Hu97/18 cells (p = 0.1). (C) Cumulative probability showed a decrease in sEPSC amplitude in Hu97/18 SPNs (significant genotype and amplitude interaction, p\<0.0001). (D) mEPSC amplitude presented as a percentage of the initial sEPSC amplitude. There was no difference between Hu18/18 and Hu97/18 SPNs. (E) The mean mEPSC frequency trended towards a decrease in Hu97/18 SPNs but did not reach statistical significance (p = 0.052). (F) Cumulative probability showed an increase in mEPSC inter-event intervals in Hu97/18 SPNs (significant genotype and inter-event intervals interaction, p\<0.0001). (G) mEPSC frequency presented as a percentage of the initial sEPSC frequency. There was no difference between Hu18/18 and Hu97/18 SPNs. For all experiments, Hu18/18 n = 9 and Hu97/18 n = 5.](pone.0094562.g003){#pone-0094562-g003}

The decreased sEPSC frequency is consistent with a loss of excitatory synapses on these cells, which is a signature mark of HD progression in other animal models [@pone.0094562-Graham1], [@pone.0094562-Singaraja1]. On the other hand, the decreased sEPSC frequency may be linked to changes in release probability from excitatory presynaptic terminals [@pone.0094562-Thomson1]. A decrease in release probability would lead to a decrease in the frequency of postsynaptic glutamate receptor activation, which would be detected as a lower number of sEPSC events, a change that has been reported in other HD models [@pone.0094562-Milnerwood1], [@pone.0094562-Cepeda2], [@pone.0094562-Joshi1]. To assess the release probability from presynaptic excitatory terminals, we patched SPNs with a caesium-based internal solution and recorded responses to paired electrical stimulation of the nearby afferents (150--200 µm from the patch-pipette; [Fig. 3A](#pone-0094562-g003){ref-type="fig"}). The two consecutive stimulations (50 ms apart) allowed us to calculate paired-pulse ratio (PPR), measured as the response to the second stimulation divided by the response to the first. An increase in PPR (also known as paired-pulse facilitation) implies a lower initial probability of release, while a decrease (paired-pulse depression) indicates a higher probability. We used increasing stimulation intensities (50--500 µA) to detect any possible changes between the two genotypes that depend on the stimulus strength. At 9 months of age, no difference in PPR was observed between Hu18/18 and Hu97/18 SPNs, indicating no differences in the release probability from excitatory terminals ([Fig. 4A,B](#pone-0094562-g004){ref-type="fig"}). Moreover, at a stimulus intensity that generated an approximately half-maximal response, there was also no effect of genotype on PPRs with varying pulse intervals ([Fig. 4C](#pone-0094562-g004){ref-type="fig"}). Thus, despite a reduction in sEPSC frequency, we find no clear electrophysiological evidence of altered release probability.

![Paired-pulse ratio (PPR) and AMPA:NMDA ratio are not affected in Hu97/18 SPNs.\
SPNs were whole-cell patch-clamped at V~h~ = -70 mV with caesium-based internal solution to allow for better membrane voltage control. (A) Representative traces showing responses of Hu18/18 and Hu97/18 SPNs to 200 µA paired-pulse stimulation (marked with the arrows) with 50 ms interval. Stimulus artifacts were removed. (B--C) No difference between Hu18/18 and Hu97/18 SPNs in PPR with different stimulation intensities (50--500 µA; B) and different time of inter-stimulation intervals (50, 100 and 250 ms; C) implies no change in probability of release from excitatory presynaptic terminals. For the experiments in (B), Hu18/18 n = 22 and Hu97/18 n = 22; for the experiments in (C), Hu18/18 n = 11 and Hu97/18 n = 14. (D) Representative responses of Hu18/18 and Hu97/18 SPN to 200 µA stimulation at V~h~ = -70 mV (i), analysed as AMPA receptor response, and at V~h~ = +40 mV (ii), analysed as NMDA receptor response at 40 ms from the initial peak. Stimulus artifacts were removed. (E) There was no statistically significant difference in the response to the stimulation at V~h~ = -70 mV between Hu18/18 (n = 22) and Hu97/18 SPNs (n = 22). The trend towards a smaller response in Hu97/18 SPNs may suggest, however, a decreased number of synaptic AMPA receptors. (F) No difference in the response to the stimulation at V~h~ = +40 mV between Hu18/18 (n = 22) and Hu97/18 SPNs (n = 21) implies no change in NMDA receptor expression levels. (G) AMPA:NMDA ratios (measured as an average from the cells where both responses to the stimulation at V~h~ = -70 mV and V~h~ = +40 mV were recorded) showed no difference between Hu18/18 (n = 19) and Hu97/18 SPNs (n = 19).](pone.0094562.g004){#pone-0094562-g004}

The expression levels of AMPA receptors were previously shown to decrease with disease progression in a variety of HD mouse models [@pone.0094562-Joshi1], [@pone.0094562-Cepeda3] while NMDA receptor levels have been reported as increased or decreased, depending on the HD mouse model, stage of disease, and subcellular localization of the receptors [@pone.0094562-Graham1], [@pone.0094562-Cepeda3], [@pone.0094562-Milnerwood2]. Our analysis of sEPSCs has suggested that the levels of synaptic AMPA receptors may be modestly decreased in Hu97/18 SPNs ([Fig. 2C--D](#pone-0094562-g002){ref-type="fig"}). To evaluate levels of synaptic NMDA receptors, we measured the ratio of evoked EPSCs (eEPSCs) at negative (-70 mV) and positive (+40 mV) potentials in the same cell. Current recorded at -70 mV reflects activation of AMPA receptors only (due to cells being held at negative potential and recorded in ACSF containing a physiological concentration of Mg^2+^, which prevents opening of NMDA receptors, and picrotoxin, which blocks GABA~A~ receptors), while responses at +40 mV, measured 40 ms following initial peak current, reflect activation of NMDA receptors. The AMPA:NMDA ratio was then calculated. While the mean evoked response size was slightly smaller in Hu97/18 SPNs at -70 mV ([Fig. 4E](#pone-0094562-g004){ref-type="fig"}), there was no significant genotype difference at this holding potential or at +40 mV ([Fig. 4F](#pone-0094562-g004){ref-type="fig"}). Similarly, the AMPA:NMDA ratio was unchanged ([Fig. 4G](#pone-0094562-g004){ref-type="fig"}).

Progressive electrophysiological differences in striatal SPNs recorded from Hu97/18 and Hu18/18 mice {#s3b}
----------------------------------------------------------------------------------------------------

After characterising electrophysiological changes in Hu97/18 SPNs at 9 months of age, we investigated whether the same alterations could be observed at an earlier time point (3 and 6 months) or rather if they represent progressive deficits. At 6 months of age, Hu97/18 mice already demonstrate many of the behavioral and cognitive deficits that become more pronounced at 9 months [@pone.0094562-Southwell2], and therefore we expected to see some, if not all, of the electrophysiological changes that we recorded in older animals.

Similar to mice at 9 months of age, we observed no difference in membrane capacitance, resistance or tau. I--V curves, rheobase and rheobase frequency were also similar between Hu18/18 and Hu97/18 SPNs at 6 months of age (data not shown). However, the action potential threshold was increased (p = 0.02, [Fig. 5A](#pone-0094562-g005){ref-type="fig"}), similar to the results obtained from 9 month-old animals ([Fig. 1I](#pone-0094562-g001){ref-type="fig"}), while depolarization of the resting membrane potential appeared as a trend, but did not reach statistical significance (p = 0.18, [Fig. 5B](#pone-0094562-g005){ref-type="fig"}). Unlike at 9 months, there was no detectable difference in sEPSC frequency or amplitude at 6 months ([Fig. 5C--D](#pone-0094562-g005){ref-type="fig"}). When we examined an even earlier time point (3 months), we were unable to detect any difference in action potential threshold, resting membrane potential, sEPSC frequency or amplitude ([Fig. 6 A--D](#pone-0094562-g006){ref-type="fig"}). Together, these data suggest that the changes observed in Hu97/18 SPNs at 9 months of age represent progressive characteristics, and that the majority of these changes arise between 6 and 9 months of age.

![Subtle changes in membrane properties and unaltered sEPSC characteristics in Hu97/18 SPNs at 6 months of age.\
(A) At 6 months of age, action potential threshold was more depolarized in Hu97/18 SPNs. (B) No significant change in resting membrane potential was observed. sEPSC amplitude (C) and frequency (D) were unaffected in Hu97/18 SPNs at 6 months of age. For these experiments, Hu18/18 n = 13 and Hu97/18 n = 16. \*p\<0.05 (unpaired Student's t-test).](pone.0094562.g005){#pone-0094562-g005}

![No changes in membrane properties and sEPSC characteristics in Hu97/18 SPNs at 3 months of age.\
At 3 months of age, action potential threshold (A) and resting membrane potential (B) were unaltered in Hu97/18 (n = 10), in comparison to Hu18/18 SPNs (n = 11). Likewise, sEPSC amplitude (C) and frequency (D) were unaffected in Hu97/18 (n = 8) when compared to Hu18/18 SPNs (n = 8).](pone.0094562.g006){#pone-0094562-g006}

Impaired hippocampal CA1 long-term potentiation in Hu97/18 mice {#s3c}
---------------------------------------------------------------

At 9 months, Hu97/18 mice display extensive deficits in learning and memory performance, as shown by spatial learning and novel object recognition tests [@pone.0094562-Southwell2]. To determine whether these behavioral changes may stem from deficits in hippocampal long-term potentiation (LTP), as shown previously in other mouse models of HD [@pone.0094562-Hodgson1]--[@pone.0094562-Lynch1], we stimulated excitatory field potentials (fEPSPs) in CA1 stratum radiatum. First, using a standard paired-pulse paradigm (at an interval of 100 ms), we found significantly reduced paired-pulse facilitation (PPF) in Hu97/18 slices ([Fig. 7A--B](#pone-0094562-g007){ref-type="fig"}; Hu18/18 n = 8, Hu97/18 n = 6, p = 0.021), indicating an impairment in short-term plasticity and consistent with a previous report in another HD mouse model [@pone.0094562-Usdin1]. We also observed a severe deficit in LTP in hippocampal slices from Hu97/18 mice ([Fig. 7C](#pone-0094562-g007){ref-type="fig"}). The presence of robust potentiation 50--60 minutes following high-frequency stimulation (HFS) in slices from Hu18/18 mice (n = 6) demonstrates that the replacement of murine HTT with human HTT does not impair LTP. On the other hand, LTP was completely absent in slices from Hu97/18 mice (n = 6, p = 0.0005 for Hu18/18 vs. Hu97/18, unpaired t-test of average fEPSP slope 50--60 minutes post-HFS). In contrast, paired pulse facilitation was normal and LTP was intact in slices from 3-month old Hu97/18 mice ([Fig. 7D--F](#pone-0094562-g007){ref-type="fig"}). Lastly, when we recorded CA1 pyramidal neurons under whole cell voltage-clamp at 9 months of age, we were unable to detect any genotype differences in membrane properties or mEPSC frequency or amplitude ([Fig. 8A--G](#pone-0094562-g008){ref-type="fig"}), demonstrating that alterations in these cellular and synaptic properties are at least somewhat specific to SPNs at this age. In all, our data support a progressive hippocampal synaptic plasticity deficit in HD and, at 9 months of age, provide an additional robust electrophysiological phenotype in the humanized mouse model of HD.

![Long-term potentiation (LTP) is impaired in 9-month old Hu97/18 CA1.\
(A) Representative fEPSP traces from hippocampal slices of 9-month old Hu18/18 and Hu97/18 mice in response to two 0.1 ms pulses separated by 100 ms. fEPSPs were recorded in CA1 stratum radiatum during stimulation of the Schaffer collateral pathway. (B) Paired pulse facilitation (PPF) was measured by dividing the slope of the second response to that of the first and was expressed as percent increase. PPF was significantly lower in Hu97/18 CA1 (Hu18/18 n = 8, Hu97/18 n = 6). (C) fEPSPs were normalized to a 10-minute baseline period prior to high-frequency stimulation (HFS; 100 Hz for 1 s×3, 10 s inter-train interval). LTP was easily obtained in hippocampal slices from Hu18/18 mice (n = 6) but showed severe impairment in slices from Hu97/18 mice (n = 6). Representative traces before (black) and 50--60 minutes after (grey) HFS are shown. \*\*\*p\<0.0001, t-test of average % above baseline 50--60 minutes post-HFS. (D--F) Paired pulse facilitation (D,E) and LTP (F) graphs as above but conducted in slices from 3-month old animals. n = 6 for each genotype for both (E) and (F).](pone.0094562.g007){#pone-0094562-g007}

![Whole-cell properties of CA1 pyramidal neurons from Hu18/18 and Hu97/18 mice at 9 months of age.\
(A--D) Whole-cell patch recordings from CA1 pyramidal neurons revealed no difference in membrane properties including membrane capacitance (Cm, Hu18/18 n = 14, Hu97/18 n = 11), membrane resistance (Rm, Hu18/18 n = 14, Hu97/18 n = 11), membrane tau (ôm, Hu18/18 n = 14, Hu97/18 n = 11) or resting membrane potential (Em, Hu18/18 n = 14, Hu97/18 n = 13). I--V plots (E, Hu18/18 n = 14, Hu97/18 n = 13), mEPSC frequency (F, Hu18/18 n = 13, Hu97/18 n = 13) and mEPSC amplitude (G, Hu18/18 n = 13, Hu97/18 n = 13) were also similar between genotypes.](pone.0094562.g008){#pone-0094562-g008}

Discussion {#s4}
==========

Here, we examined for the first time the electrophysiological changes that accompany behavioral and neuropathological deficits reported in the Hu97/18 mouse model [@pone.0094562-Southwell2]. Hu97/18 is a novel and unique mouse model of HD that fully recapitulates the genetics of the human disease by expressing human huntingtin heterozygous for an expanded polyglutamine tract (97 repeats) on a mouse huntingtin *null* (*Hdh^-/-^*) background [@pone.0094562-Southwell2]. We describe many electrophysiological alterations in Hu97/18 SPNs, such as progressive changes in membrane properties and synaptic transmission, as well as a progressive impairment of synaptic plasticity in the hippocampus. These robust electrophysiological measures, along with the known behavioral and neuropathological changes [@pone.0094562-Southwell2], can serve as future tools to assess the efficacy of muHTT-specific ASOs [@pone.0094562-Carroll1] and other promising therapeutic options to prevent or reverse the detrimental effects of muHTT on CNS function.

Alterations in cellular and synaptic properties of striatal spiny projection neurons {#s4a}
------------------------------------------------------------------------------------

Membrane capacitance, membrane resistance and tau were not altered in Hu97/18 SPNs at 6 or 9 months of age. This is not surprising, given the fact that these features are not altered in other slowly-progressing mouse models, such as YAC128 or CAG140, until 12 months of age [@pone.0094562-Cummings1]. Earlier changes in membrane resistance were seen in the more rapidly-progressing R6/2 model, which recapitulates more accurately the phenotype of juvenile HD [@pone.0094562-Cepeda2], [@pone.0094562-Ariano1].

The depolarized resting membrane potential that we observed in Hu97/18 SPNs has also been noted for other HD mouse models [@pone.0094562-Levine1], [@pone.0094562-Klapstein1]. It has been hypothesized that, together with large discharges from cortical afferents (detected as large, \>100pA sEPSCs: [@pone.0094562-Cepeda2]) and elevated input resistance, this change would directly lead to an increase in SPN excitability (as detected *in vivo*: [@pone.0094562-Rebec1]). However, Hu97/18 SPNs did not display changes in membrane resistance, nor did we observe any large-amplitude sEPSCs. Also, the current-voltage step protocol did not detect any changes in rheobase or rheobase frequency between Hu97/18 and Hu18/18 SPNs, indicating that the propagation of a signal requires similar (and not lower) stimulus intensity. This is most probably achieved by a homeostatic mechanism that involves an increase in action potential threshold. This further strengthens our conclusion that despite small changes in membrane characteristics (e.g., the depolarized resting membrane potential), Hu97/18 SPNs are not more excitable than Hu18/18 SPNs.

At 9 months of age, the sEPSC and mEPSC amplitudes were decreased in comparison to Hu18/18 SPNs, suggesting a lower number of AMPA receptors in synapses. Similar results have been previously reported in YAC128 at 1 month of age [@pone.0094562-Milnerwood1], but also at 7 months of age with evoked EPSCs [@pone.0094562-Joshi1] and in symptomatic R6/2 mice with AMPA bath application [@pone.0094562-Cepeda3]. Therefore, this effect does not seem to be restricted to a fully symptomatic stage of HD, but more likely depends on the model of animal used and its genetic background. The Hu97/18 model is derived from BACHD mice that show changes in sEPSC amplitude at 6 months of age [@pone.0094562-Gray1]. However, Hu97/18 mice express ∼40% less muHTT than the BACHD mice [@pone.0094562-Southwell2] and so it is not surprising that the changes in sEPSCs that we observed at 9 months of age were not apparent at 6 months.

Another prominent alteration in mEPSCs and sEPSCs recorded from Hu97/18 SPNs was a decrease in frequency, which is a common change observed in HD mouse models at symptomatic stages of the disease [@pone.0094562-Cepeda2], [@pone.0094562-Cummings1]. This is often associated with a reduced dendritic arborization and loss of dendritic spines and excitatory synapses, both in animal models of HD [@pone.0094562-Graham1], [@pone.0094562-Cepeda2], [@pone.0094562-Klapstein1] and in human HD patients [@pone.0094562-Graham1]. In the present study, it was a little surprising that we did not observe a significant decrease in the size of AMPAR-mediated eEPSCs at -70 mV (see [Fig. 4E](#pone-0094562-g004){ref-type="fig"}), which would be expected following synaptic loss. However, the response magnitude in these experiments relies largely on electrode placement and can vary greatly from one experiment to the next. The mean eEPSC amplitude tended to be lower in Hu97/18 SPNs (see [Fig. 4E](#pone-0094562-g004){ref-type="fig"}); however, response size variability was too high to observe significant differences between genotypes. The alternative explanation, a decrease in release probability from presynaptic terminals, was ruled out based on no change in the paired-pulse ratio of synaptically-evoked responses.

The lack of alteration in release probability from excitatory terminals, together with the lack of large sEPSCs (suggested by others to be action-potential driven: [@pone.0094562-Cepeda2]) is interesting, as it suggests no significant changes in intact corticostriatal afferents. In presymptomatic YAC72 and YAC128 mice, the release probability is significantly decreased ([@pone.0094562-Milnerwood1]; also observed in symptomatic YAC128: [@pone.0094562-Joshi1]), while it has been shown to be increased in pre- and symptomatic R6/2 mice [@pone.0094562-Klapstein1]. Also, marked changes have been described in recordings from cortical cells from symptomatic R6/2 mice, including changes in basic membrane properties, sEPSC frequency and appearance of complex discharges [@pone.0094562-Cummings2]. Therefore, it would be interesting to examine the possibility of such changes occurring in cortical neurons from the Hu97/18 mouse model; however, these experiments are beyond the scope of this particular study.

Our finding that synaptic AMPAR current amplitude is reduced (based on sEPSC amplitude distribution), while the ratio of evoked AMPAR to NMDAR EPSC amplitude is similar between genotypes, suggests that the number of synaptic NMDA receptors may also be decreased at 9 months of age. This possibility is not entirely surprising, as although NMDA:AMPA ratio has been reported to be increased in presymptomatic YAC72 and YAC128 mice compared to controls [@pone.0094562-Milnerwood1], [@pone.0094562-Li1], at symptomatic stages YAC128 SPNs display a decrease in NMDA currents, accompanied by resistance to neurotoxicity [@pone.0094562-Graham1]. This change could be attributed to an increase in the removal/degradation rate of NMDA receptors on the surface of SPNs [@pone.0094562-Cowan1], as well as to a mislocalization of the receptors from synaptic to extrasynaptic sites [@pone.0094562-Milnerwood2], [@pone.0094562-Gladding1] due to an increase in calpain and STEP61 activity [@pone.0094562-Cowan1], [@pone.0094562-Gladding1].

Impaired hippocampal long-term potentiation {#s4b}
-------------------------------------------

We also recorded field potentials in CA1 stratum radiatum and found a complete absence of LTP in slices from 9-month old Hu97/18 mice 50--60 minutes following HFS. This finding is consistent with other mouse models of HD [@pone.0094562-Hodgson1]--[@pone.0094562-Lynch1] and provides a mechanistic basis for the spatial learning deficit observed previously in Hu97/18 mice [@pone.0094562-Southwell2]. Interestingly, this learning deficit was progressive in that no impairment was seen at 3 months of age [@pone.0094562-Southwell2], a time at which we show that LTP is intact. While the molecular mechanisms underlying the observed LTP deficit at 9 months were not explored in the present study, previous work demonstrated that the LTP deficit in a knock-in mouse model of HD was restored by BDNF application directly to the slice [@pone.0094562-Lynch1] or by inducing BDNF upregulation through daily injections of an ampakine [@pone.0094562-Simmons1]. This is consistent with a role for BDNF/TrkB signalling in hippocampal plasticity [@pone.0094562-Minichiello1], as well as muHTT's inhibitory effect on BDNF production [@pone.0094562-Zuccato2]. The cognitive decline associated with HD is highly debilitating and can manifest many years before the onset of cell death and overt motor symptoms. With robust and progressive deficits in both LTP and spatial memory, the Hu97/18 model is particularly suited for preclinical assessment of the effects of early treatment interventions on cognitive decline in HD.

Different genetic backgrounds of HD models and their consequences {#s4c}
-----------------------------------------------------------------

As we have noted above, there are many similarities between the changes in Hu97/18 SPNs and those reported in other animal models. However, there are also surprising differences, such as unaltered physiology of glutamatergic input release probability and no change in SPN action potential firing properties. Furthermore, while many cellular and synaptic alterations have been reported to occur prior to measurable behavioral abnormalities, we were unable to detect any robust electrophysiological phenotype in the striatum at 6 months of age, a stage when many cognitive and motor impairments are evident. It is possible that other measures not assessed in the present study, including the extrasynaptic NMDA receptor currents [@pone.0094562-Okamoto1], [@pone.0094562-Milnerwood2], are indeed altered early in the Hu97/18 model. Nonetheless, we were surprised by the lack of electrophysiological effects at 6 months of age, and our data suggest that the bulk of synaptic deficits in the striatum occur between 6 and 9 months of age. These discrepancies may primarily stem from a different genetic background of multiple models that leads to differences in the number of CAG repeats, or muHTT expression patterns and levels (reviewed in: [@pone.0094562-Cepeda1], [@pone.0094562-Pouladi1]; see also: [@pone.0094562-Southwell2], [@pone.0094562-Cummings1], [@pone.0094562-Levine1], [@pone.0094562-Cummings3], [@pone.0094562-Pouladi2]). BACHD mice, which the Hu97/18 model is largely based on, have not been fully described using electrophysiological methods [@pone.0094562-Gray1]. Also, a direct comparison between BACHD and Hu97/18 could be misleading, as BACHD expresses normal levels of mouse HTT (on top of human muHTT) and its levels of muHTT are ∼40% higher than those of Hu97/18 [@pone.0094562-Southwell2].

Conclusion {#s5}
==========

The Hu97/18 model is unique as it is the first animal model to fully recapitulate the genetics of human HD. It is critically important to track the changes in its phenotype, not only to expand our knowledge of HD and its progression, but also for the application and assessment of therapies in the future.
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